Abstracts This study aimed to explore ideal processing condition for black garlic based on the change of nutritional and active components and antioxidant capacity. Fresh garlic was processed under the condition of constant temperature (65, 75 and 85°C) and relative humidity (70, 75, 80 and 85%) for 16 days. The sensory scores, contents of nutritional and active components, and antioxidant capacity were monitored. The sensory scores reached the maximum on the 8th day at 85% humidity and 75°C. The contents of nutritional components were significantly affected by humidity and temperature, and 85% humidity and 75°C were appropriate. The polyphenol content increased with increase in temperature and decrease in humidity. The reducing sugars and total sugars, total acids and 5-HMF were higher at 75°C than at 65 and 85°C. Reducing sugar and protein contents and sensory scores decreased on the 8th day. Maintaining the temperature of 75°C and relative humidity of 85% for 8 days were ideal for black garlic to retain antioxidant capacity and abundant nutrients.
Introduction
Thermal processing is not only important for improving the taste of garlic but also critical to generate a functional food (Liang et al. 2015) . Black garlic (Allium sativum L.), a food with wonderfully complex flavor, is produced by thermal processing of fresh garlic. Maillard reaction occurs during this process and produces amount of compounds such as early MR products (MRP), Amadori compounds, 5-hydroxymethylfurfural (5-HMF) and furfural (Delgado-Andrade et al. 2010) . Besides, other components, including alliin, saccharide contents (Zhang et al. 2015) and S-allyl cysteine (Bae et al. 2014) have been identified in the black garlic under thermal processing, which have multiple bioactivities.
It is known that black garlic extracts can boost immunity (Wang et al. 2010; Salman et al. 1999; Purev et al. 2012) . Recently, black garlic or its extracts have been reported to have antioxidant activities (Queiroz et al. 2009 ) and anticancer activities (Wang et al. 2012 , Sasaki et al. 2007 . Maillard reaction during the thermal processing on one hand enhances the production of aroma, taste, and color; however, on the other hand induces a reduction of nutritive value (Ledl and Schleicher 1990) . Liang et al. using a comprehensive nuclear magnetic resonance (NMR) analysis identified the changes of a sum of 38 components of black garlic such as reducing sugars, amino acids, organic acids, cycloalliin, and 5-HMF during thermal processing within 90 days (Liang et al. 2015) . However, there is not an ideal processing condition for the black garlic with more nutrients and biofunctional compounds and higher antioxidant capacity.
Therefore, the present study was conducted to observe the changes of sensory scores, nutritional constituents, bioactive components and antioxidant capacity with heating time, temperature and humidity and to explore an appropriate processing method for black garlic.
Materials and methods
Black garlic processing and sensory evaluation Fresh garlic, purchased from Xuzhou agricultural market (Jiangsu, China), was processed at a thermostat with 65, 75 or 85°C and relative humidities of 70, 75, 80 or 85% for 16 days. The color and sensory scores were determined every 2 days. Sensory evaluation was carried out based on the color, taste, smell and appearance according to the scoring criteria in Table 1 .
Color parameters
The color of black garlic was determined by color difference method using a WSC colorimeter (Shanghai precision scientific instrument co., LTD, Shanghai, China) basing on the CIELab scale (CIE Colorimetric Committee, 1974) . Two discs of black garlic were taken out and sliced. The L*, a* and b* values of the cross section was determined. Total color difference (E*) was calculated according to the formula:
where L* from 0 to 100 indicates burnish brightness from black to white; a* indicates the red and green with higher positive value representing enhanced red and lower negative value representing enhanced green; b* indicates the yellow and blue with higher positive value representing enhanced yellow and lower negative value representing enhanced blue.
Nutritional components
Moisture contents were determined by gravimetric method according to the standard AOAC-925.10. Total acid was tested by acid-base titration according to the standard of Chinese GB/T 12456-2008. Total sugar and reducing sugar were determined by the Phenol-sulfuric acid method and the DNS method, respectively. Protein content was measured using Kjeldah method. The content of 5-HMF was determined based on the reports of Muangthai et al. (Bozkurt et al. 1999) . Briefly, 5 g sample was mixed with 0.5 mL 15% potassium ferrocyanide solution and 0.5 mL 30% zinc acetate solution and then diluted to 25 mL. The mixture was filtrated with filter paper. Initial 5 mL filter liquor was removed and the remaining filter liquor was used for determination of 5-HMF. A volume of 2 mL 5-HMF standard (Sigma, USA) or sample was mixed with 5 mL paratoluidine solution and 1 mL barbituric acid. Then the absorbance at 550 nm was measured immediately after mixing.
Active components

Superoxide dismutase (SOD) activity
A weight of 1 g black garlic sample was grinded for 5 min and placed in a centrifuge tube. It was then diluted with 0.2 mmol/L phosphate buffer saline (PBS) (pH = 7.2) to a final volume of 4 mL. The tube was heated at 60°C water bath for 20 min and then centrifuged at 12,000 r/s for 20 min. The crude enzyme was prepared by removing the liquid supernatant. Pyrogallol autoxidation method was used for SOD activity determination as previously described (Liu and Zhang 2008) . Total polyphenol content A weight of 1 g sample was grinded and mixed with 10 mL 70% methyl alcohol in a centrifuge tube. They were vibrated in an ultrasonic bath for 30 min and then centrifuged at 4000 r/min for 20 min. The liquid supernatant was taken out and the precipitate was centrifuged again. The second liquid supernatant was merged with the first liquid supernatant and diluted with 70% methyl alcohol to a volume of 100 mL. Total polyphenol content was determined according to previously reported procedures (Wootton-Beard et al. 2011) with gallic acid as a standard. Simply, 0.5 mL sample or gallic acid solution (gradient concentration 0-500 mg/L) was mixed with 30 mL diluted water, 2.5 mL Folin-Phenol reagents and 7.5 mL 20% sodium carbonate solution and then diluted to 50 mL. The reaction was maintained for 2 h at 20°C then the absorbance at 765 nm was determined.
Thiosulfinates and allicin
Sample (2 g) were grinded and mixed with 8 mL 95% ethyl alcohol solutions. They were then vibrated in an ultrasonic bath for 20 min and centrifuged at 4000 r/min for 15 min. The supernatants were used for the determination of thiosulfinates and allicin basing on the report of Han et al. (1995) . Briefly, 0.25 mL cysteine solution (1 mmol/L) was mixed with 1 mL 5,5 0 -Dithiobis(2-nitrobenzoic acid) (DTNB, 2 mmol/L) and 0.25 mL sample or HEPES buffer (50 mmol/L, as control) and diluted with HEPES buffer to 6.0 mL and maintained for 15 min at room temperature. The absorbance at 412 nm was tested as A 0 (control) or A (sample). Blank control was the same mixture above with the cysteine solution substituted by HEPES buffer. Contents of thiosulfinates and allicin were calculated according to the following formulas:
ÞÂ0:7; among which, d = dilution times; 162.26 = the molecular weight of allicin; 14,150 = molar extinction coefficient of 2-nitro 5-thio-benzoic acid (NTB) (product of DTNB and allicin) at 412 nm, 1 cm optical path.
Antioxidant capacity Sample preparation
Mashed black garlic samples (2 g) were placed in 10 mL 80% ethyl alcohol solutions and shocked at ultrasonic bath for 20 min. The mixture was then centrifuged at 4000 r/min for 20 min. The liquid supernatant was poured in a 25 mL brown glass volumetric flask. The precipitate was further shocked for 20 min and then centrifuged for 20 min. Then the supernatant was added to the above flask and diluted to 25 mL with 70% ethyl alcohol solution. The sample was placed at 4°C for determination of the antioxidant capacity.
Ferric reducing antioxidant capacity
The ferric reducing antioxidant capacity was measured according to a previously described protocol (Ak and Gülçin 2008) . Briefly, a mixture of 1 mL 2.5 mmol/L phen, 2 mL PBS (pH = 7.40), 1 mL distilled water (control group 1 and control group 2) or sample solution (test group), 1 mL 2.5 mmol/L ferrous sulphate solution and 1 mL distilled water (control group 1) or 0.01% hydrogen peroxide solution (control group 2 and test group) was incubated at 37°C water bath for 1 h and the absorbance at 536 nm was recorded. The ferric reducing capacity was calculated as the following formula:
Superoxide anion radical (ÁO 2 2 ) scavenging capacity
The ÁO 2 -scavenging capacity was evaluated by using pyrogallic acid autoxidation method as described previously with slight modification (Qingming et al. 2010) . A volume of 0.5 mL sample solution and 0.5 mL distilled water was mixed in a test tube with 3 mL Tris-HCl (pH = 8.2, containing 0.1 mmol/L ethylene diamine tetraacetic acid (EDTA)). As a blank control, 1 mL distilled water was added to the tube. After sufficient mixing, the tubes were placed in a 25°C water bath for 25 min and then 40 lL pyrogallic acid (45 mmol/L) were added. The absorbance at 325 nm was monitored every 30 s for 4 min. The ÁO 2 -scavenging capacity was calculated according to the following formula:
among which, A0 = A 325 nm of the blank control and A1 = A 325nm of the sample.
DPPH assay
Free radical DPPH (1,1-diphenyl-2-picryl-hydrazyl) scavenging capacity was determined by using the previously described methods (Garzón and Wrolstad 2009) . Briefly, a volume of 5 mL DPPH (Sigma, USA) solution (120 lmol/ L) in 70% ethyl alcohol was mixed with 0.2 mL sample solution, and was standing for 30 min in dark place. The absorbance at 517 nm (A sample ) was recorded. In the control group, 5 mL DPPH solution was replaced by 5 mL 70% ethyl alcohol. In the blank group, 0.2 mL sample solution was substituted by 0.2 mL distilled water. Trolox (Sigma) was used as a standard. DPPH scavenging capacity was calculated according to the following formula:
ABTS assay ABTS (2,2 0 -azinobis-(3-ethylbenzothiazoline-6-sulfonic acid)) radical scavenging ability was determined according to the trolox equivalent antioxidant capacity (TEAC) methods (Arts et al. 2004) . ABTS (Sigma) work solution was prepared according to the instructions of the kit. Trolox was used as a standard. A volume of 10 lL samples or Trolox solution was added to each well of a 96-well plate. Then 200 lL ABTS work solutions were added to the sample or Trolox. The plate was vibrated for 10 s in a Multiscan Spectrum (SynergyH1, Biotek, USA) and the absorbance at 734 nm was recorded. TEAC was used to represent the capacity of ABTS radical scavenging. TEAC was calculated according to the standard curve by Trolox (van den Berg et al. 1999 ) with a standard curve y = -0.3114x ? 0.4745 (R 2 = 0.9969). TEAC (mmol/ L) = (A 734nm -0.4745)/(-0.3114 9 2).
Statistical analysis
All experiments were repeated for three times and the data were presented as the mean ± standard deviation (SD). The data were analyzed using SPSS (version 19.0; SPSS Inc., IL, USA).
Results and discussion
Sensory score, color, moisture contents Changes in the sensory score, color, moisture content of black garlic during thermal processing at various temperatures and humidities are shown in Fig. 1 . At 75°C, the sensory scores under different humidity increased over time and then began to decrease when reached to a maximum (Fig. 1a) . The higher the humidity and temperature resulted in higher sensory scores within 8 days. Moisture contents decreased with humidity decreasing and temperature increasing (Fig. 1b) . The color of black garlic became dark over time but was not significantly influenced by humidity (Fig. 1c) . The humidity 85% might be optimal for better sense and higher moisture contents. The sensory scores reached the maximum on the 8th day at 85% humidity and 75°C (Fig. 1a) .
Nutritional components
At 75°C, the contents of reducing sugar and total sugar were increased with time prolonging and reached the peak at different time under different humidity (Fig. 2a, b) . The content of reducing sugar under 75 and 80% humidity reached the peak on the 12th and 15th day, respectively. The total sugar content increased with time and reached the maximum on the 6th day. The total acid content was lower at 80% humidity and the highest at 85% humidity (Fig. 2c) . The protein content dramatically increased within 6 days and then decreased. The protein contents at 75 and 85% humidity were higher than those at 80 and 85% (Fig. 2d) . The 5-HMF content markedly increased after the 8th day at 70, 80, 85% humidity and it was highest at 85% humidity. These results indicated that humidity significantly affected the contents of nutritional components and 85% was appropriate.
Under 85% relative humidity, the content of reducing sugar increased markedly with increase in temperature during initial 6 days. At 85°C, the content of reducing sugar reached the maximum on 4th day and then began to decrease. However it continuously increased with time at 75 and 65°C within 16 days, and it was higher at 75°C than at 65°C (Fig. 2a) . The total sugar reached the peak at 4-6 days and then the content was higher at 75°C (Fig. 2b) . Total acid increased with time at three temperatures, and 75°C showed higher contents than 65 and 85°C after the 6th day (Fig. 2c) . The contents of protein reached the maximum on the 8th day at 65 and 85°C and on the 6th day at 75°C (Fig. 2d ). There was a dramatic increase in the content of 5-HMF after the 8th day at 75°C while it began to decrease on the 8th day at 65 and 85°C (Fig. 2e) . Therefore, the temperature of 75°C might be the appropriate for more nutritional components.
Active components
The contents of thiosulfinates, allicin and the activity of SOD decreased while the content of polyphenol increased with time prolonging (Fig. 3) . The content of thiosulfinates decreased immediately after processing and then showed a gentle increase within 8 days (Fig. 3a) . In addition, it increased with humidity decreasing (at 75°C) and temperature increasing (at 85% humidity). Similar results were also found in the contents of allicin (Fig. 3b) . The activities of SOD dramatically decreased below 50 U/mL within 36 h (Fig. 3c ). It decreased with humidity decreasing (75°C) and temperature increasing (85% humidity). The content of polyphenol increased with humidity decreasing (75°C) and temperature increasing (85% humidity), however, when reached a certain level, it began to decompose and the content decreased (Fig. 3d) . By comprehensive analysis, we considered that 75°C, 85% humidity and 8 days might be the optimum conditions.
Antioxidant capacity
The antioxidant capacity of the black garlic increased over time within 16 days (Fig. 4) . The ferric reducing capacity increased with time prolonging and humidity increasing. It was highest at 85% humidity (Fig. 4a) . While with a humidity of 85%, the ferric reducing capacity of the black garlic increased with temperature increasing. Additionally, there was no further increase after the 12th day (postripeness process) at both 75°C and 80% humidity. Thus, the subsequent study did not use the postripeness process. Superoxide radical scavenging ability was highest in 75% humidity followed by 80, 85, and 70%, besides it increased with temperature increasing (at 85% humidity) (Fig. 4b) . DPPH scavenging ability increased with time prolonging and was highest in 85% humidity followed by 75, 70, and 85%, and increased with temperature increasing (85% humidity) (Fig. 4c) . ABTS scavenging ability was represented by the TEAC value (Fig. 4d) . It was highest at 75% humidity following by 85, 80 and 70%, and increased with temperature increasing (85% humidity). Therefore, antioxidant capacity increased with temperature increasing and 75 or 85% was the appropriate humidity. 
Optimization of processing conditions
By comprehensive analysis of the above results, 75°C, 85% humidity and 8 days was the optimal condition for higher sensory scores, moisture contents, nutritional contents and antioxidant capacity. The contents of nutritional and active components and the antioxidant capacity of the black garlic under the optimal conditions were also determined. As shown in Table 2 , the contents of nutritional and active components were: reducing sugar 357.946 mg/g, total sugar 420.893 mg/g, total acids 4.020%, protein content 14.326 g/100 g, 5-HMF 1397.813 lg/g, This study reports the changes of nutritional components, active composites and antioxidant capacity of black garlic during thermal processing with different temperatures and humidities for 16 days and found an optimal processing condition of 75°C, 85% humidity and 8 days Fig. 4 Changes of antioxidant capacity of the black garlic during the processing. a Ferric reducing capacity, b superoxide radical scavenging ability, c DPPH scavenging ability and d ABTS scavenging ability indicated by TEAC for better taste and higher nutritive value and antioxidant capacity.
The taste of the black garlic improved with the increase of temperature within 8 days of processing, while after the 8th day, the sensory score of the black garlic began to reduce at 85°C but that continuously increased with time at 75°C. The reason may be that the higher temperature enhances the Maillard reaction and the production of flavor substances . Therefore, a moderate processing temperature should be employed. In addition, sensory scores and moisture increased with elevated humidity. Thus, 85% humidity was focused.
Nutritional components improved with temperature increasing in a certain degree and then decreased. At 85°C and 85% humidity, the content of reducing sugar and total sugar reached to the maximum on the 4th day and began to decrease, while it continuously increased with time at 75 and 65°C, and it was higher in 75 than 65°C. Increasing of the reducing sugars also contributes to the sweet taste of the black garlic (Zhang et al. 2015) . The total acid and protein were higher at 75°C than those in 65 and 85°C and the content of protein began to decline with time after a duration of increase within the first 6-8 days. In addition, the content of 5-HMF increased substantially at 75°C than others, thus, we chose 75°C as the optimal temperature. Initial heating promoted the hydrolysis of polysaccharide to reducing sugars (Zhang et al. 2015) , while reached to a certain degree, the Maillard reaction consumed some reducing sugar and proteins and lead to the dramatically increasing of 5-HMF production.
The antioxidant capacity is highly correlated with total polyphenol and 5-HMF contents (Kwon et al. 2006 ). In addition, thiosulfinates and allicin are components of black garlic with antioxidant (Okada et al. 2005; Chung 2006; Xiao and Parkin 2002) . In the present study, the content of total polyphenols, thiosulfinates and allicin increased with temperature increasing and humidity decreasing. However, when reached a certain level, polyphenols began to decompose and the content decreased. At 85°C and 85% humidity, the content of polyphenols increased to the peak at the 4th day and began to decrease afterward. Contents of thiosulfinates and allicin decreased immediately after the processing and increased with time prolonging, humidity decreasing (at 75°C) and temperature increasing (at 85% humidity). However, SOD activity decreased with temperature and humidity increasing, and it acutely declined below 50 U/mL within 36 h.
As expected, the antioxidant capacity increased with temperature increasing. DPPH radical scavenging ability was within the range of 6.21-44.77% and ferric reducing power was within the range of 0.08-3.13 increased with temperature (40-85°C) during 0-14 days in a previous study (Bae et al. 2014) , which were consistent with our study. In our study, higher DPPH radical scavenging (4-63%) and lower reducing power (0.08-0.983) were found compared with those in the previous study. In addition, we investigated the ABTS radical and superoxide radical scavenging ability which also showed similar trends.
Conclusion
The appropriate humidity for higher antioxidant capacity and better taste was 85%. Most of the indexes reached the peak or began to decrease on the 8th day, thus we chose 8 days as the processing time. A moderate temperature 75°C was more appropriate for retaining the nutrients and taste, besides it could keep black garlic possessing a similar antioxidant capacity to that at 85°C. Therefore, the conditions of 75°C, humidity 85% and 8 days was recommended for processing to obtain better taste and antioxidant capacity and retain abundant nutrients.
